Differences in the expression of cell surface proteins between a normal prostate epithelial (1542-NP2TX) and a prostate cancer cell line (1542-CP3TX) derived from the same patient were investigated. A combination of affinity chromatographic purification of biotin-tagged surface proteins with mass spectrometry analysis identified 26 integral membrane proteins and 14 peripheral surface proteins. The findings confirm earlier reports of altered expression in prostate cancer for several cell surface proteins, including ALCAM/CD166, the Ephrin type A receptor, EGFR and the prostaglandin F2 receptor regulatory protein. In addition, several novel findings of differential expression were made, including the voltagedependent anion selective channel proteins Porin 1 and 2, ecto-5 0 -nucleotidase (CD73) and Scavenger receptor B1. Cell surface protein expression changed both qualitatively and quantitatively when the cells were grown in the presence of either or both interferon INFa and INFc. Costimulation with type I and II interferons had additive or synergistic effects on the membrane density of several, mainly peripherally attached surface proteins. Concerted upregulation of surface exposed antigens may be of benefit in immuno-adjuvant-based treatment of interferon-responsive prostate cancer. In conclusion, this study demonstrates that differences in the expression of membrane proteins between normal and prostate cancer cells are reproducibly detectable following vectorial labelling with biotin, and that detailed analysis of extracellular-induced surface changes can be achieved by combining surfacespecific labelling with high-resolution two-dimensional gel electrophoresis and mass spectrometry.
Introduction
Cell surface proteins provide attractive therapeutic targets due to their accessibility, and if shed into the circulation can be useful diagnostic markers, provided they show specificity for cancer or the tissue. The repertoire of proteins presented on the surface of or secreted by tumour cells may also be of prognostic value, as invasion and metastasis require changes in protein expression at and on the cell membrane.
By combining affinity chromatographic purification of surface-tagged proteins with mass spectrometry analysis, this study provides novel information on the cell surface composition of normal prostate epithelial and cancer cells. We also show that a combination of biotin labelling and two-dimensional (2D) avidin blotting can be used to monitor changes in cell surface protein expression in response to extracellular stimuli, such as interferon treatment, extending our earlier studies on the interferon response of these cell lines . To our knowledge, this is the first demonstration of global cell surface protein modulations in response to cytokines.
Results
Surface proteins accessible for vectorial labelling with NHS-LC-sulfo-biotin were mapped by avidin blotting following two-dimensional gel electrophoresis (2DE) (Figure 1a) . Intracellular proteins such as actin, 14-3-3 subunits, cytokeratins 5 and 6, and a HSP27 isoform with a pI value of 6 were not biotinylated ( Figure 1a) .
The major biotinylated features included several charge trains, so exact numbers of surface labelled proteins are unknown. However, the number of biotinylated proteins comprised less than 10% of the 1754 protein spots distinguished by silver staining of the extracted proteins (Figure 1a ), a fraction which is in accordance with findings from previous studies (Naaby-Hansen et al., 1997; Coonrod et al., 1999) .
Differential expression of cell surface proteins between the normal and the prostate cancer cell line
Approximately 108 major biotin labelled features were distinguished on the surface of the prostate cancer cells compared to 84 on the normal prostate epithelial cells (Figure 1b) . Several proteins were detected only on the cancer or the normal cell line, and many more were differentially expressed. Generally, stronger labelling of cancer cell proteins was noted, indicative of an increased surface density (Figures 1 and 2 ). Basic proteins dominated the cell surface of the normal cells, while in contrast more acidic forms were predominant on the cancer cells. Such distinct 2DE surface protein patterns are likely to be due to electronegative charge (e.g. polysialic acidification or phosphorylation), added by posttranslational modifications in the cancer cells.
To detect membrane-spanning proteins, hydrophilic and hydrophobic proteins were separated by TX-114 phase partitioning, labelled with different fluorescent cyanine dyes (Cy3 and Cy5), mixed and separated on the same IPG/PAGE gel ( Figure 1c ). Biotinylated hydrophobic proteins were detected following 2DE, including the proteins indicated by a white box in Figures 1b, in accordance with previous reports of separation and characterization of integral membrane proteins by 2D gel electrophoresis (Naaby-Hansen 1990, Nouwens et al., 2000; Hippler et al., 2001; Quaranta et al., 2001) .
Interferon-induced changes in cell surface composition
The repertoire of proteins detected changed qualitatively and quantitatively following exposure to either or both 500 U/ml interferon INFa and INFg for 72 h (Figure 2A ). The cell lines displayed similar changes in surface composition following exposure to the individual cytokines. However, a few surface proteins were differentially regulated in the normal and the cancer cells ( Figures 2B-D) .
Simultaneous stimulation with INFa and INFg synergistically increased the surface expression of many proteins in the normal and cancer cells (Figures 2A and E) .
Biotinylated proteins not detected on avidin blots from single cytokine experiments appeared in the costimulated samples (encircled in Figure 2A ), suggesting that they are specifically induced (or translocated to the cell surface) by interactions between the signalling pathways activated by type I and type II IFNs.
Mass spectrometry analysis of affinity enriched biotinylated membrane fractions from the 1542-CP3TX cells
De novo sequencing of peptides by ESI-MS/MS was undertaken on proteins that appeared to be upregulated in the cancer cells. In all, 15 silver-stained bands from a SDS-PAGE separation of approximately 50 mg of avidin chromatography enriched sulpho-NHS-SS-biotin labelled proteins were excised and subjected to in-gel trypsination ( Figure 3) .
A total of 24 transmembrane proteins and 11 attached to the cell surface were identified by MS/MS analysis (see Table 1 ), and tryptic peptides from at least 13 different integral membrane proteins were extracted and sequenced from a single 130 kDa silver-stained SDS-PAGE band (band 4 in Figure 3a ). The only nonsurface species identified in the excised band was the lysosomal hydrolase b-galactosidase. However, extracellular presence of lysosomal enzymes including b-galactosidase was recently demonstrated following calcium-induced exocytosis of keratinocyte lysosomes (Jans et al., 2004) , suggesting that the enzyme may be present at the cancer cell surface or undergoes lysozomal labelling following endocytosis of biotin. The finding reflects the wellestablished sensitivity of mass spectrometry and emphasizes the ability of the avidin affinity chromatography protocol to isolate and concentrate hydrophobic membrane proteins.
A fragment of approximately 8 kDa of the 24 kDa tetraspanin protein CD9 was consistently detected in avidin-purified biotinylated membrane fractions from the cancer cells (Figures 3b and c, band 14) . A 10 aminoacid peptide corresponding to aa 21-30 was sequenced by ESI-MS/MS, indicating that the fragment originated Figure 1 Evaluation of the sulfo-biotin labelling procedure. (a) Silver-stained IPG/PAGE gel of chaps/urea extract from biotinylated cancer cells ***(B150 mg of protein) (left). Computer analysis revealed the presence of 1754 silver-stained protein spots on this broad pH range 2D gel. Biotinylated proteins in the same extract were detected by HRP-avidin blotting (right). A total of 108 biotinylated features can be distinguished. The position of cytokeratin forms 5 and 6, actin, 14-3-3 proteins and an isoform of HSP27 are indicated by circles. None of these intracellular proteins were labelled with biotin. Several of the major biotinylated proteins do not stain well with silver. The same gel orientation (first dimension electrophoresis towards the left and second dimension from top to bottom) is used in all 2D images. (b) 2D avidin-HRP blots demonstrating differences between surface proteins accessible for biotinylation on normal (left) and prostate cancer cells (right). Proteins expressed at approximately the same densities on the surface of the two cell lines are indicated by black boxes. Proteins upregulated on the surface of the normal cell line 1542-NP2TX are indicated by white circles in the left image, while proteins upregulated on the surface of the cancer cell line 1542-CP3TX are indicated by black circles at the right. Note the different isoelectric distribution between similar sized surface proteins. The position of calreticulin is indicated by black upward arrows. Computer comparison analysis revealed comigration between the proteins indicated by a white rectangle and Cy3-dye labelled proteins from the TX-114 detergent phase (below left), indicating that these features represent hydrophobic membrane proteins. (c) TX-114 phase partitioning of the 1542-CP3TX cell proteome. Proteins in the hydrophobic (detergent) phase were labelled with the fluorescent cyanine dye NHS-Cy3, while proteins in the hydrophilic (aqueous) phase were labelled with NHS-Cy5. The two phases were then mixed at room temperature, separated on the same IPG/PAGE gel, and their content of proteins was differentially displayed after gel scanning, employing the ImageMaster software (Amersham Pharmacia Biotech). Hydrophobic proteins labelled with Cy3 are shown to the left, and Cy5 labelled hydrophilic proteins to the right. While most proteins showed phase-specific labelling, a few features were detected in both phases (examples are encircled in white) from the N-terminus of CD9, and that proteolytic processing occurs in the second transmembrane region (TM2) or in the intracellular loop between TM2 and TM3. Both extraction and enrichment were performed in presence of EDTA under a broad umbrella of protease inhibitors, suggesting that the biotinylated Prostate cell surface proteins C Hastie et al CD9 fragment is generated prior to biotinylation and extraction. INFg treatment increased the abundance of the 8 kDa CD9 fragment in 1542NP2TX cells to coomassie detectable levels (B0.5 mg) (Figure 3b , right).
These findings suggest that the low-molecular weight CD9 form is a product of post-translational proteolytic processing at the plasma membrane, and that the membrane associated hydrolytic activity is positively Whether surface activities that depends on protein interactions regulated by CD9 are affected by nonsynchronized, lateral mobility of its two extracellular domains remains to be determined.
Nine of the protein bands contained intracellular proteins in addition to membrane proteins, and 46% (34/74) of the proteins identified in this study were intracellular components. Of these, 13 (38%) interact with the cytosolic domains of integral membrane proteins either directly or via intermediates, while six (18%) are involved in protein translocation, exo-and/or endocytosis. Thus, 80% of the proteins identified in the affinity-purified biotinylated membrane fractions are associated with the plasma membrane directly or via trafficking of proteins to and from the membrane. Many of the cytoskeletal components that copurify with biotin labelled integral proteins can be readily removed by washing with high-salt, alkaline buffers (Zhao et al., 2004) .
Calnexin, gp96, EGFR and luminal ER-chaperones are upregulated on the surface of the 1542CP3TX cancer cells
Immuno-blotting analysis of avidin-purified membrane fractions confirmed that the type 1 membrane chaperone calnexin, the EGF receptor and gp96 are upregulated on the surface of the cancer cells (Figure 4 ). This is in agreement with previous findings that several signalling activities regulated downstream of the EGFR, including the PI3K/Akt and MAPK pathways, are upregulated in the cancer cells .
Biotinylated surface proteins released by high-salt treatment were isolated with avidin beads, released by reduction, and separated by SDS-PAGE. Immunoblotting with a monoclonal antibody to the KDEL retention/retrieval signal characteristic for luminal ERchaperones showed strong upregulation of two saltsusceptible antigens on the surface of the cancer cells (Figure 4d ). The expression of both proteins was increased by INFg treatment in the cancer cells, but remained low on the surface of the normal cell line. 
Discussion
Vectorial labelling with sulpho-N-hydroxysuccinimide esters, which readily react with primary amines, showed good specificity for the cell surface and demonstrated differential protein expression between a normal prostate epithelial cell line and a cancer cell line derived from the same patient.
The combination of surface biotinylation and 2DE avidin blotting was used to study cell surface changes induced by IFNs. The unique ability of 2DE to separate proteins with even minor post-translational modifications made it possible to distinguish differentially regulated isoforms of surface proteins on the two cell lines ( Figure 2B ). More importantly, the broad assortment of analytical techniques associated with highresolution 2DE enables studies of dynamic surface changes to be combined with global analysis of simultaneous fluctuations in protein turn-over rates and/or post-translational modifications (including phosphorylation, glycosylation, nitrosylation and acetylation), in the same experimental series.
Hydrophobic interactions between proteins, and between membrane proteins and the basic acrylamido derivatives in the matrix of immobilized pH gradient (IPG) strips can cause loss of hydrophobic proteins (Righetti and Bossi, 1997), which is why IPG/PAGE gel images do not provide an accurate representation of integral membrane proteins. To achieve optimal representation of hydrophobic membrane proteins, avidin affinity-purified surface proteins were separated by SDS-PAGE prior to their analysis by mass spectrometry. In all, 26 integral and 14 peripheral membrane proteins were identified by a combination of MALDI-MS and ESI-MS/MS analysis.
Three of the avidin isolated transmembrane proteins (CD44, EGFR and E-Cadherin) act at both the peripheral and nuclear levels, why it is notable that three key regulators of the nucleocytoplasmic traffic (Karyopherin b3, Importin 7 and Importin a reexporter) also were identified in the avidin affinity enriched biotinylated membrane fractions.
The presence of multiple protein species in the SDS-PAGE bands makes quantitative analysis difficult. Differential isotope-labelling such as ICAT (Gygi et al., 1999) or SILAC (Ong et al., 2003) provide data on the overall protein expression, but cannot quantitate protein isoform expression unless the distinct peptides are analysed. In contrast, protein separation by 2DE prior to proteolytic cleavage and peptide analysis can reveal differential isoform expression and modification. Hence, this strategy provides complementary data to the conventional approaches for quantiation by MS and could be further explored together with peptide derivatization and separation techniques in future analyses. While in vitro studies using immortalized cell lines have limitations, it would be difficult to undertake similar experiments in vivo or using clinical material. This study has the advantage that the normal and cancer cell lines were derived from the same operative specimen from the same patient. In addition, the cancer cell line was obtained from a clinically localized prostate cancer, in contrast to most in vitro studies using the prostate cancer cell lines LNCaP, PC3 and DU145, which are derived from metastases in late stage, hormone-relapsed patients.
The two cell lines were immortalized by the E6 and E7 transforming proteins of human papilloma virus (Bright et al., 1997) . The normal and the cancer cell lines displayed similar surface responses to IFNs, suggesting that any changes in the IFN activated regulatory networks caused by culture or immortalization procedures have occurred to a similar degree in both cell lines.
In conclusion, the majority of proteins identified in the enriched samples are known constituents of the cell surface, and several are known to be dysregulated in prostate cancer, including CD166 and the Ephrin A2 receptor. Most of the nonsurface proteins either function as receptor bound scaffold or transducer molecules (e.g. Crk-L, PP2A and small Gx-protein) or link transmembrane proteins to cytoskeletal structures (e.g. Ezrin, Destrin and Plakoglobin) or vesicular transport and folding of proteins (e.g. annexins, chaperonins and regulators of nuclear traffic). These findings support the use of affinity-tagging with mass spectrometry for the identification of new molecular markers or therapeutic targets in prostate cancer.
Materials and methods

Cell culture, biotin labelling and preparation of extracts
The normal prostate epithelial cell line 1542-NP2TX and the prostate cancer cell line1542-CP3TX, were cultured as described (Bright et al., 1997) . For vectorial labelling, 750 000 cells were plated per T80 flask, grown for 3 days, media-changed and exposed to either or both IFNa (500 U/ml) and IFNg (500 U/ml) for 36 or 72 h prior to labelling. The cells were washed twice with PBS and labelled with 3 mg/ml sulpho-NHS-LC-biotin (5.4 mM) in chilled PBS for 5 min at room temperature. The biotin solution was carefully removed and surplus biotin was quenched by the addition of 50 mM NH 4 Cl in PBS for 2 min. The cells were lysed on ice after three washes in PBS.
For 2DE, cells were lysed in a solution containing 4% CHAPS, 8 M urea, 2 M thiourea, 65 mM dithiothreitol (DTT), protease inhibitor cocktail with EDTA (Complete, Boehringer Mannheim) and phosphatase inhibitors (1 mM okadaic acid, 5 mM a-cyano-3-phenoxybenzyl a-(4-chlorophenyl) isovalerate and 5 mM potassium bisperoxo (1,10-phenanthroline) oxovanadate). Protein concentrations were determined by Bradford assay (Coomassie Plus Protein Assay Reagent, Pierce) or by a modified Lowry assay (DC protein assay, Biorad).
Hydrophilic and hydrophobic proteins were separated by the TX114 phase partitioning procedure as described earlier (Shetty et al., 2001 .
2D gel electrophoresis
Isoelectric focusing with in-gel reswelling of immobilized pH gradient strips (Immobiline DryStrip pH 3-10NL 18 cm, Amersham Pharmacia) was performed as described previously (Scadden and Naaby-Hansen, 2001 ), using 150 mg of total cell lysate per strip. Second dimension electrophoresis was routinely performed in 9-16% SDS-PAGE gels. Proteins were silver stained according to Hochstrasser et al. (1988) or stained with the fluorescent dye OGT MP17 (Page et al., 1999) . NCimmobilized biotin-tagged proteins were detected by staining with horse radish peroxidase-conjugated streptavidin.
Spot analysis
Gel image analysis was performed using the Melanie 3 software (Genebio) and the 'in-house' written program ChiMap. Differentially regulated proteins from avidin blots Immuno-staining of whole-cell extracts showed increased abundance of gp96 in the cancer cells (c, top image). A smaller size copurified antigen, immunologically crossreactive with gp96 showed similar surface expression in the two cell lines, providing an unexpected loading control (indicated by asterisk, bottom image c). NHS-SS-sulpho-biotin labelled proteins released from the surfaces of unstimulated and INFg-stimulated cells by high-salt treatment were isolated from the media with avidin beads, separated by SDS-PAGE and immuno-blotted with a monoclonal antibody against the C-terminal endoplasmic reticulum retention/ retrieval sequence KDEL. Two salt-susceptible surface antigens, with apparent molecular weight of 60 and 54 kDa, were highly abundant and upregulated by INFg on the surface of the prostate cancer cells, but barely within detection limits in the media from the normal cells were aligned with silver-or fluorescence-stained spots using Melanie 3. All computer alignments and selections based on densitometry were visually checked by at least two operators. Proteins selected for MS analysis were excised from stained gels either by a robotic cutter (OGS) or by hand.
Affinity purification of biotinylated proteins
Avidin affinity chromatography was employed to isolate surface labelled proteins for further analysis. Surface proteins were labelled with 3 mg/ml EZ-Link Sulpho-NHS-SS-biotin (4.9 mM) for 5 min at 201C. Unreacted biotin was quenched by addition of 50 mM ammonium chloride for 2 min. The cells were then washed twice in cold PBS before being lysed in 1% Octyl-b-D-glucopyranoside (OGP) in 1% PBS plus protease inhibitors. The solubilized membrane proteins were purified by affinity chromatography, employing Ultralink Immobilised NeutrAvidin columns (Pierce). The lysates were recycled over the columns for 30 min. The columns were then washed with 10 bead volumes of lysis buffer plus protease inhibitor and the bound material eluted by addition of one bead volume of 100 mM dithiothreitol in the OGP lysis buffer. The eluted fractions were dialysed against distilled water, vacuum concentrated and rehydrated in Laemmli buffer. The isolated proteins were finally separated by SDS-PAGE, and visualized by Coomassie or silver staining. In some experiments, the enriched protein fractions were transferred to NC-membranes following electrophoresis and immuno-stained.
For fast isolation of surface proteins susceptible to high-salt treatment, normal and cancer cells were grown to 80% confluence and labelled with NHS-SS-biotin. Peripheral proteins were released from the cell surface by treating the cells with a phosphate buffer pH 7.4, containing 0.65 M NaCl and the above protease inhibitors, for 10 min at room temperature. The high-salt buffer was removed by gentle aspiration, diluted to iso-osmolarity. and avidin conjugated agarose beads (20 ml/ml) were added. After 15 min of mixing by rotation, proteins bound to the avidin beads were isolated by centrifugation. Following five washes in isotonic PBS pH 7.4, the purified proteins were eluted from the beads by heating in a reducing Laemmli buffer, and separated by SDS-PAGE. In some experiments, a similar procedure was employed for fast isolation of OGP extracted, biotinylated membrane fractions by centrifugation.
Protein identification by mass spectrometry
Tryptic in-gel digestion was essentially performed as described earlier . For matrix-assisted laser desorption/ionization (MALDI)-MS analysis, 0.5 ml of the digested peptide mixture was directly spotted on the target plate together with 1 ml of a saturated aqueous 2,5-dihydroxybenzoic acid (DHB) solution. All samples were analysed on an Ultraflext TOF/TOF mass spectrometer (Bruker Daltonics, Bremen, Germany). Spectra were obtained by accumulating multiple single-shot acquisitions. The peptide mass lists were submitted to the database search routine MASCOT (Matrix Science, London, UK) (Perkins et al., 1999) and MSFit (Clauser et al., 1999) searching the nonredundant protein database compiled by the National Center for Biotechnology Information (NCBI), USA. For Mascot searches, the main search parameters that were used are: 750 ppm peptide mass tolerance; peptide masses are monoisotopic; proteolysis by trypsin; two missed cleavages are permissible; carbamidomethylation of cysteines; and acceptable modifications are: Nterminus of peptides changed from Gln to pyroGlu, oxidation of Met; acetylation of N-termini of proteins. For MS-FIT searches, in addition to these the following parameters were used: 1-100 kDa (1-30 kDa for spots 13 and 14, 1-150 kDa for spots 2-5, 1-250 kDa for spot 1); full pI range; all species; at least five peptides must match. In general, the highest scoring proteins were chosen taking into account the gel weight and a minimum of 20% sequence coverage (15% for proteins above 100 kDa).
For nanoESI-LC-MS/MS, digest mixtures were separated on a 75 mM PepMapt column (LC Packings, Amsterdam, The Netherlands), which was coupled to a 15 mM PicoTipt emitter (New Objective, USA) via a zero dead volume connector, on an UltiMate nanoHPLC system with Famos autosampler (LC Packings) at a flow rate of 200 nl/min. ESI-MS/MS data were acquired on a Q-Toft mass spectrometer (Micromass, Wythenshawe, United Kingdom) using the MassLynxt 3.5 software package with automatic precursor ion selection of doubly and triply-charged ions. The acquired mass spectra were processed by ProteinLynxt software and the pkl mass lists were directly submitted to MASCOT for MS/MS ion database searching. The main search parameters that were used are: 7100 mmu peptide and fragment ion mass tolerance; masses are monoisotopic; proteolysis by trypsin; two missed cleavages are permissible; carbamidomethylation of cysteines; and acceptable modifications are: N-terminus of peptides changed from Gln to pyroGlu; oxidation of Met; acetylation of N-termini of proteins. Only significant hits as defined by MASCOT are reported.
Immuno-blot analysis
A polyclonal monospecific rabbit antiserum raised against a peptide immunogen, corresponding to amino acids 200-411 of human GRP94, was used at a 1 : 3000 dilution. A mouse monoclonal antibody against KDEL (Stressgen, SPA-827), a rabbit antiserum against calnexin (Abcam) and a mouse monoclonal anti-human EGFR antibody (Santa Cruz, sc-03) were used at 1 : 1000 dilutions. Avidin-and antibody-binding was detected by enhanced chemiluminescence. Secondary antibody-alone controls were included and were negative in all cases.
